Abstract: This work evaluates the potential for the reduction of energy demand in residential buildings by acting on the exterior envelope, both in newly constructed buildings and in the retrofitting of existing stock. It focuses on analysing social housing buildings in Mediterranean areas and on quantifying the scope of that reduction in the application of different envelope design strategies, with the purpose of prioritizing their application based on their energy efficiency. The analyses and quantifications were made by means of the generation of energy models with the TRNSYS tool for simple or combined solutions, identifying possible potentials for reduction of the energy demand from 20% to 25%, basically by acting on the windows. The case study was a newly built social housing building of a closed block type located in Seville (Spain). Its constructive techniques and the insulation level of its envelope are standardized for current buildings widespread across Mediterranean Europe.
special consideration of the methods to be used for the reduction of their energy consumption (e-consumption), especially that associated with thermal comfort.
The e-consumption of housing is determined by multiple factors, many of which are associated with the behaviour and habits of their occupants [1] . However, the most influential factor is the energy invested in thermal comfort which can currently be quantified at 47.8% of the total annual energy consumed in Spanish homes [2] . It must be taken into account that this population has a low economic status and has limited resources for indoor environmental control. This is why, especially in Southern Spain, but also in many other Mediterranean areas, dwellings usually lack integrated HVAC systems. These dwellings are usually limited to the use of portable electric heaters/cooling systems. These devices are highly inefficient and generally produce poor interior environmental conditions far removed from accepted comfort standards [3] , coupled with a usual presence of pathologies, due to condensation and humidity.
The most effective way to reduce energy consumption associated to indoor thermal comfort is by means of control of the energy demand associated with the transfers through the envelope; by acting on the elements which constitute the exterior-interior exchange system. This intervention can be approached in two ways: the efficient construction of new buildings and the energy retrofitting of existing residential buildings: a field of action that presents great potential for energy savings due to the importance of the housing stock built over the last 50 years that remains in use.
Regarding the actions on the thermal envelope, there have been many general [4] [5] [6] and partial studies made which have analysed the impact of the degree of insulation of the façades [7, 8] , of different roof construction solutions [9, 10] , of the thermal mass of the construction elements and the effect of the windows [11, 12] on the energy demand and energy behaviour of the building.
Dall'O et al. [13] focused on the viable solutions in an energy retrofitting, such as the substitution of windows, the application of ETICS (external thermal insulation composite system) and the application of additional insulation to the roof, as well as proposing the sealing of the buildings, to reduce losses by infiltrations. Konstantinou [14] proposed a database with different construction solutions for exterior walls, windows, balconies, roofs, etc. that are usually used in energy rehabilitation, and which were studied in one room, to be able to apply the obtained results to complete buildings. Sadineni [15] reviewed different envelope components, such as exterior claddings, openings (windows and doors), roofs, thermal insulators, thermal mass, infiltration and air-tightness, commenting on their general characteristics and the means for their evaluation, and the most frequently used energy simulation programs.
This current work forms part of a research project funded in part by the Technological Corporation of Andalusia, an institution belonging to the regional government of Andalusia. The work approaches the analysis of the effect of each component of the thermal envelope, systematically applied to several individual dwellings of a residential block located in the city of Seville. This block has been the object of a broad energy characterisation project [3] , and is a clear representation of the design and construction processes associated with social housing in the region. The operational conditions are those used in the Spanish energy certification procedure, derived from the European Directive 2002/91/EC on the energy performance of buildings.
The study stems from using a real morphologic model of the building, whose behaviour has been checked and validated [16] to generate predictive models of the behaviour and evolution of the energy demand of the different intervention strategies that affect its envelope. The energy demand was determined after simulating more than forty envelope construction solutions which involved façade, roof and window systems. The models were generated using the TRNSYS (v. 16) tool and its TRNBuild module, whose validity has been sufficiently checked [17] under occupation scenario. 
Description of the Climate and the Building
The object of the study and analysis is a building of 218 social dwellings, all rented, which occupies a large, almost square block with a surface area of 5.216 m 2 , located in the city of Seville (Figure 1 ). This building occupies the perimeter of the block by means of the connection of eight blocks with accesses and vertical communication cores, leaving a large central courtyard. It has eight floors, with the ground floor given over to commercial premises and the other seven to dwellings, plus a basement for parking. Its construction dates from 2005 and it was promoted by the Seville Municipal Housing Company, a public company that is also proprietor of the building. 
Weather Data
The climatic profile is an EnergyPlus weather file (EPW), developed by the U.S. Department of Energy. The file selected for Seville, SEVILLA SWEC (Spanish Weather for Energy Calculations), was created from the data originating from the Spanish National Institute of Meteorology by Sánchez de la Flor, and is characterised by a B4 climatic severity (Spanish National Climatic Zoning for Energy Savings, CTE DB-HE1), which supposes mild winters and warm summers [18] .
Location: Seville (Spain) (N 37° 25') (W 5° 54') (GMT +1. 
Study Sample
The representative samples of the behaviour of the building were eight monitored dwellings, four on the top floor (under the roof) with orientations predominately North, South, East and West, and four on intermediate floors with identical orientations (Table 1) , and which were later simulated with energy evaluation programs. 
Description of the Methodology

Development of the Energy Models
Nodal energy-transfer models for the eight monitored dwellings were constructed with the TRNSYS (v. 16) energy simulation tool to obtain the yearly energy demand behaviour of the original stage. The comparison of these values of simulated energy demands with those obtained by monitoring the real dwellings allowed the calibration of the models [16] . Once the energy base models were tuned to a sufficient degree of precision, the energy simulation process was then used to predict what the energy demand would be if those dwellings were transformed through a series of strategic proposals affecting the envelope. The main conditions contemplated in the construction of those energy models were the following:
-Each dwelling was considered as a unique space, although partitions were introduced between its rooms. -The operational conditions (Table 2 ), according to the Spanish protocol for the Certification of Energy Efficiency of Buildings [19] , were uniformly applied to the dwellings. -The adjacent dwellings were considered as a unique space and without partitions between rooms, equipped and with the same operational conditions as the modelled house, which is why the transfer through the surfaces in contact with them was considered adiabatic. -The common circulation spaces were considered as non-conditioned spaces, which is why it was assumed that there was thermal transfer through the surface in contact with the modelled dwelling.
Shade from the building itself and that thrown by surrounding buildings and trees was taken into account. 
Study of the Demand in the "Average" Dwelling
As the block has 218 dwellings with different orientations and positions, in addition to the results of the heating and cooling demand in the eight simulated dwellings (those that were monitored), results for these demands were also obtained for the so-called "average dwelling" (denominated AD in the tables and figures by adjusting the relative representation of each of the eight simulated dwellings in the overall building energy demand.
Statement and Simulation of Strategic Proposals
A series of strategic proposals was made for assessing the effect that certain individual design and construction decisions on the dwellings might have on the energy demand of the buildings. The energy demand reached was determined after simulating more than forty construction proposals to apply to the envelope, which mainly related to façades (including their windows) and roofs. Combinations of proposal simulations were also made to quantify the extent of demand reduction that could be achieved by the application of these passive strategies. Tables 3 and 4 show the construction definition of the studied building in its present state: Figure 2 shows the results of the heating, cooling and total demands throughout one year, obtained from the energy simulation under the previously described conditions of use and operation, for the eight simulated dwellings of the block, as well as the increases of those annual demands of those eight dwellings with respect to the average dwelling. 
Energy Demand of the Present State
Construction Description and Energy Demand
Analysis of Results of the Demand in the Present State
As a result of a uniform treatment of the envelope, specifically of its façades, the building presents a significant imbalance of demands between the clearly more favourable orientation, the south, and the other orientations for the other orientations, which represents an increase of about 20%, basically due to the low heating demand in the south-facing dwellings. In addition, those greater demands are related to worse conditions of comfort in the non-south-facing dwellings [16] .
The total demand of non-south-facing and non-top-floor dwellings is a figure close to that of the total energy demand of the AD. In the case of east-and west-facing dwellings, certain compensation exists between overheating with overcooling. In the case of north-facing dwellings, their heating and cooling demand performance is the opposite to that of south-facing dwellings, which are characterized by a greater heating demand. Except for north-facing dwellings, the greatest energy demand is that for cooling. This all indicates the pertinence of modifying the design processes for the façade solutions, especially the level of insulation, with the purpose of adapting them to needs and avoiding uniform solutions that are independent of the orientation. In a top-floor dwelling, a total demand is obtained of around 25%-35% greater than that of an intermediate floor with the same orientation.
Model Adjusted to the Energy Demand Limitation Regulation
Prior to the study of the different proposals for the improvement of the energy demand, a model adapted strictly to the Spanish energy demand limitation regulation (Directive 2002/91/EC and CTE DB HE-1) was generated to provide a baseline for comparison. This model was created by adjusting the thermal characteristics, basically by reducing its isolation, of the envelope elements, up to the point where the building in question attains a value of overall annual demand equal to that of the building of reference generated for this particular typology and location. It was thus possible to determine the expected margin of improvement of the building, not only in relation to its initial condition, but also with respect to the maximum demand established by national regulation for a new building of the same characteristics.
Construction Description and Energy Demand
Tables 5, 6 and 7 describe the characteristics of the different construction elements adopted in this energy model. As can be seen, the demand was reduced mainly in the transfer through the windows, by introducing glazing of a more insulating nature, above all in those located in the north, east and west façades. The thickness of the wall and ceiling insulation was reduced until strictly fulfilling the U max value of the energy demand limitation regulation. Figure 3 shows the results of the heating, cooling and total demands, throughout one year, both for the present state and for the minimum standard energy model, obtained from the energy simulation in the previously described conditions of use and operation, for each of the eight simulated dwellings of the block and for the average dwelling. As can be seen, an appropriate and economic modification of the present envelope, largely focused on reducing transfer through the windows, and by means of distinguishing the south façade from the rest. This proposal, instead of simply treating the whole block in a uniform way, can produce a significant reduction of the overall energy demand with respect to the present state (around 7.5%).This reduction in the consumption of energy, which is mainly thanks to a lesser requirement for heating, holds true even when the transfer through the façades (opaque part) and the roofs is permitted to be greater than those of the present state, and the overall energy demand strictly complies with the limit allowed by the national regulation for this typology and climatic zone.
Analysis of Results of the Energy Demand of the Model Adjusted to the Regulation
Proposals for Façades, Roofs and Windows
The different strategic proposals for façades, roofs and windows are presented below, along with their corresponding graphic results. Given the great number of energy simulations conducted, the demand results, in the different series, are only shown for the so-called "average dwelling".
Façades
The first group of passive strategic proposals considered, affects the exterior solution of the façade. Apart from the existing solution, seven different façade technologies were proposed (models f0 to f7) which included a wide spectrum of construction systems of different mass and thermal inertia: light façades versus heavy façades, ventilated façades versus non-ventilated façades and traditionally constructed façades versus prefabricated façades (Table 8) , representing the state-of-the-art of social-housing wall solutions. A first series of values, series F1, represents the common market format with the commercial thermal parameters of each façade solution.
In order to draw conclusions about the advantages of one type of façade over another in reducing demand, the thermal transmittances of these seven types were equalized, with the variation being introduced by the thickness of the thermal insulation. Therefore a second series (F2) was obtained in which the seven types of solution had the same transmittance as the original solution, that is to say, U = 0.82 W/m 2 K. In a third and final series (F3), the thickness of the insulation was increased for each one of these solutions so that all their transmittances had a value of approximately half of the initial, U = 0.38 W/m 2 K. These types of solutions, and their construction differences for each series, are described in greater detail in the Appendix. The demands of all the passive strategic proposals for façades versus their transmittance are shown in Figure 4 . Within the strategies to reduce energy demand, the act of reducing the transmittance of the façade solution from the reference value (series F2: U = 0.82 W/m 2 K) for the climatic zone, by something more than half (doubling the thickness of the insulation) produces a reduction in the global demand of the average dwelling of around 10%-14%. This progressive reduction of the global demand with the reduction of the transmittance is shown mainly in the heating load, with the demand due to cooling scarcely changing.
The influence of the construction composition and the mass of the façade diminished with reduced thermal transmittance (in the series F3: U = 0.38 W/m 2 K, the standard deviation of the total demand is 0.64, as opposed to a standard deviation of 0.95 in series F2), which indicates that in low transmittance façades the basic aspect is the thickness of the insulation, irrespective of the construction solution adopted. Once these transmittance values were reached in façades, greater insulation did not provide significant reductions in the global demand (as shown in Figure 4) . 
Roofs
The second group of passive proposals affects the roof. In addition to the roof of the existing building (original roof), which is a non-paved inverted roof, two other different construction solutions were proposed: a flat ventilated roof and the same inverted roof but paved with a floating floor ( Table 9 ). As in the case of the façades, the thermal transmittances of all these solutions were equalized to that of the original roof, U = 0.45 W/m 2 K, with the thickness of the thermal insulation considered as the variable. Given the demands for low thermal transmittance of the roof for this climatic zone and the proximity of that maximum limit value to the transmittance of the present roof, proposals were not made for different transmittances. Figure 7 shows the global demand in the average dwelling for all the passive strategic proposals for roofs versus their mass. As can be seen in Figure 7 , for transmittance values that do not surpass the reference values of the energy regulation for that climatic zone (low U value), the influence of the construction solution is still less than in façades and, therefore, the construction technology remains relatively unimportant. In addition, in the calculation of the global demand of the building, the influence of the roof is very small within the usual transmittance ranges and building types similar to those of this study. Figure 7 . Demand of the average dwelling for the roof proposals. Biggest differences between each dwelling to average.
Windows
The third group of passive strategic proposals refers to the windows in the façade. Within this group, four window solutions were proposed according to the number of windows (simple or double), glazing (simple, double, low emissivity) and frames (with or without thermal break). The adopted calculation hypotheses, their designation, as well as their characteristic parameters are described in Tables 10 and 11.   Table 10 . Passive strategic proposals: windows.
Name Construction description w0 6 mm single glazing, metallic frame without thermal break (window in its original state) w1 4-6-4 glazing, metallic frame without thermal break w2 4-6-4 glazing, metallic frame with thermal break w3 4-6-4 glazing, low-E metallic frame without thermal break. Low exterior emissivity w4 window 0 + window 1, 10 cm cavity gap The demands of all the window solutions, including the original window solution w0, versus their transmittances are shown in Figure 8 . Figure 8 . Demand of the average dwelling under the window proposals. Biggest differences between each dwelling to average.
Both solutions w1 and w2 feature the same type of glazing (4-6-4), which constitutes a solution that also contributes towards the fulfilment of noise regulation requirements. The reduction of the global demand via these two solutions is very similar: about 10% in the energy models that represent the average dwelling with respect to the present solution with simple glass of 6 mm. With solutions w3 and w4, that reduction can rise to approximately 20%. In none of the cases was any modification of the air-tightness of the windows considered and, therefore, the rate of infiltrations was considered constant with respect to the present situation.
Combination of Proposals of Smaller Energy Demand
With the results obtained from the previous series, two proposals were made that combined the passive strategies for façades, roofs and windows which produced greater reductions of the energy demand: the roof solution r1, the window solution w4 and, in the case of the façades, two solutions were taken from the F3 series, that is to say, with transmittances (U = 0.38 W/m 2 K) that were less than half of those for the façade in the present state (U = 0.82 W/m 2 K). These were an EIFS (Exterior Insulation Finishing System) façade (f7) and a ventilated façade (f6). The elements of these combinations of passive strategies are defined in Tables 12 and 13 . The demands of all the combined passive proposals, as well as that of the energy model representing the average dwelling in its present state (AD_0) and that of the energy model adapted to the regulation (AD_MSR) for comparison, are shown in Figure 9 for the Average Dwelling, and in Figure 10 for the various orientations: Figure 9 . Demand of the average dwelling for the optimized proposals.
The most effective way of reducing demand was to use suitably insulated solutions (around a U value of 0.38 W/m 2 K), without dedicating special attention to the construction system and mainly focusing on reinforcing the glazing. In the case of solutions with high transmittance values in the opaque part, for example, in those buildings which need energy retrofitting, there is the possibility of obtaining adequate results without the involvement of complex and high cost work, dedicating the resources to the improvement of the windows (transmittance and sealing).
If the total demand of the regulation-adjusted energy model supposes a reduction of the total energy demand of approximately 7.5% with respect to the model representing the average dwelling in the present state, then that reduction can reach 26%-27% by combining the analysed passive strategic proposals for façades, roofs, and windows that reduce demand. In contrast, and given the low transmittance values in both cases, there is hardly any difference in global demand values between solutions with conventional façades thermally insulated from the exterior (type f7) and the ventilated façades (type f6). Figure 11 shows the perceptual reduction of the total energy demand of each solution respect to the total energy demand of the reference model. The Standard deviation of these reductions is also added in order to show their dispersion and the relative potential of demand reduction. 
Conclusions
The thermal and energy analyses of the original situation of the case study (set of publicly built dwellings located in Seville and constructed in 2004), show it to be a building with an energy demand efficiency below average for its location and certainly missing the target of the Spanish Code for Energy Demand Limitation, which has been in effect since 2006. This indicates that it is a building whose thermal envelope has significant capacity for improvement and evolution: if the building under study is to be taken as a representative example, we must reflect on the general state of efficiency of the entire housing stock.
The specification of tailored solutions for the different orientations of the vertical envelope (an element with greater surface area with respect to the rest of the envelope) will allow a response that is optimized to the energy requirements, thereby avoiding uniform solutions and providing significant savings of economic and environmental resources in the construction of buildings, through the use of less materials and a reduction in the ecological footprint.
It was verified that it is possible to obtain a building with a significantly reduced demand, with respect to the initial model by using constructive solutions with lower levels of insulation in the opaque part, and by focusing the intervention on those windows which increase the level of insulation. Simply replacing the windows of the original building with 4-6-4 double glazing without thermal break reduces the total energy demand of the building by 10%.
If an envelope were chosen that combined the best passive solutions that were tested for façades, roofs and windows, then a reduction of the total demand of approximately 26%-27% with respect to the initial model could be obtained. This shows the potential of the passive solutions for the reduction of the energy demand in this type of building and for this climatic zone.
The development of envelope systems of greater energy efficiency also implies an improvement of the indoor environment, by reducing the difference between the internal surface temperature in relation 
